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ChlorpromazineLeishmania is auxotroph for heme. Previously, we have shown that Leishmania acquire heme from the degra-
dation of endocytosed hemoglobin via a speciﬁc receptor located in the ﬂagellar pocket. Here, we report the
cloning and expression of clathrin heavy chain from Leishmania (Ld-CHC) and provide evidences that Ld-CHC
is localized in ﬂagellar pocket and regulates Hb-endocytosis in Leishmania. Kinetic analysis of Hb trafﬁcking in
GFP-Ld-CHC overexpressed Leishmania reveals that Hb is internalized through Ld-CHC coated region and re-
mains associated with Ld-CHC containing vesicles at early time points of internalization and subsequently
starts dissociating from Hb-containing vesicles at later time points indicating that clathrin-coating and
uncoating regulate Hb trafﬁcking in Leishmania. Interestingly, overexpression of dominant negative mutant
of clathrin heavy chain of Leishmania (GFP-Ld-CHC-Hub) blocks the Hb internalization and causes severe
growth defect in parasite. Moreover, we have shown that chlorpromazine, a pharmacological agent, blocks
Hb internalization in Leishmania by depolymerizing Ld-CHC and thereby inhibits the growth of the parasites.
Taken together, our results have shown that Hb endocytosis in Leishmania is a clathrin dependent process
and is essential for the survival of the parasites.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Endocytosis is a fundamental process by which cell acquires essen-
tial nutrients and other molecules from the extra-cellular milieu [1,2].
This process is initiated by the binding of cargo with a speciﬁc cell sur-
face receptor which is followed by their internalization and subsequent
degradation inside the cells [3]. Previously, we have shown that hemo-
globin (Hb) endocytosis in Leishmania ismediated through a speciﬁc re-
ceptor located in the ﬂagellar pocket [4,5]. Our results indicate that after
initial binding with the cell surface receptor, Hb is internalized into dis-
crete intracellular compartment and subsequently targeted to the lyso-
somal compartment for degradation. We have also shown that early
step of Hb endocytosis in Leishmania is regulated by a Rab5 homologue
whereas transport of Hb to the lysosomal compartment is controlled
by Rab7 [6,7]. In addition, this receptor system appears to play a very
signiﬁcant role in the biology of Leishmania as this parasite is unable
to synthesize heme [8] and must acquire heme from external sources
to sustain their growth [9]. Thus, the degradation of internalized Hb
could be a source of heme for this parasite. However, it is not knownreceptor; CHC, clathrin heavy
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rights reserved.whether Hb endocytosis in Leishmania is clathrin-dependent or
clathrin-independent process.
Among the different modes of endocytosis, the most well studied
process is the clathrin-mediated endocytosis pathway [10,11]. Previous
studies in mammalian cells have shown that during endocytosis the cy-
toplasmic domain of the receptor is generally activated upon ligand
binding and then interacts with endocytic adaptors which in turn,
directly or indirectly bind to clathrin [12–15]. Cytosolic clathrin is com-
posed of three heavy chains of 190 kDa radiating from a central hub and
each of them is associated with 25-kDa light chain. These proteins to-
gether form a three-legged protein complex called a triskelion which
can self-assemble into a planar lattice of hexagons with the membrane
[16]. Finally, appropriate signals generated from the cytoplasmic domain
of the receptor induce conversion of hexagons to pentagons and pro-
vides the driving force for the invagination of the membrane to form
clathrin coated pits [17,18]. However, previous studies have shown
that clathrin hub fragment consisting of the carboxyterminal end of
the clathrin heavy chain can trimerize and interact with clathrin light
chains; but fails to form into functional structures and thereby, clathrin
hub fragment acts as a dominant negative mutant of clathrin [19]. Con-
sequently, it has been shown that transfection of clathrin hub fragment
speciﬁcally inhibits clathrin-dependent receptor-mediated endocytosis
in mammalian cells [20]. However among various parasites, the role of
clathrin in receptor-mediated endocytosis is partially characterized in
Trypansoma using depletion of clathrin by RNA interference, though
1066 S. Agarwal et al. / Biochimica et Biophysica Acta 1833 (2013) 1065–1077genome analysis reveals the presence of clathrin in Trypanosoma,
Leishmania, Giardia and Dicstyostelium [21–24].
As hemoglobin endocytosis is physiologically very important for
Leishmania, it will be interesting to determine the role of clathrin heavy
chain in the endocytosis of hemoglobin in this parasite. Here, we report
the cloning and expression of clathrin heavy chain in Leishmania and
its role in hemoglobin endocytosis. Our results have also shown that de-
polymerization of Leishmania clathrin by chlorpromazine, a drug, blocks
hemoglobin endocytosis in Leishmania and inhibits the growth of the
parasites demonstrating that clathrin-dependent hemoglobin endocyto-
sis is essential for the survival of Leishmania.2. Materials and methods
2.1. Reagents
Unless otherwise stated, all reagents were obtained from Sigma
Chemical Co. (St. Louis, MO). Alexa Fluor 594 succimidyl ester, Alexa
Fluor labeled goat anti-mouse IgG, FM4-64FX, Dextran-Texas Red
(10,000 Da), Prolong antifade kit and other ﬂuorescent dyes were pur-
chased fromMolecular Probes (Eugene, OR). All HRP-labeled secondary
antibodies were obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA). Tissue culture supplies were obtained from BD
Biosciences (Canaan, CT). pXG-GFP+2 vector used for overexpression
of Ld-CHC or its dominant negative mutant in Leishmaniawas received
as a gift from Dr. S.M. Beverley (Washington University, St. Louis, USA).
Enhanced chemiluminescence (ECL) reagents were purchased from
Amersham Biosciences (Amersham, UK). Platinum Taq polymerase
Hi-Fi and restriction enzymes were procured from Invitrogen and
Promega (USA), respectively.2.2. Leishmania
Promastigotes of Leishmania donovaniwere obtained from the Indian
Institute of Chemical Biology, Kolkata, India. The cells were maintained
routinely on blood agar slants containing brain heart infusion agar, glu-
cose, peptone, sodium chloride blood and gentamycin [25]. For experi-
mental purposes, cells were grown in liquid medium M199 (pH 7.4)
supplemented with 10% FCS and gentamycin (50 μg/ml) at 23 °C and
log phase cells were harvested in 10 mM phosphate buffer saline, pH
7.2 (PBS).2.3. Cloning and expression of clathrin heavy chain from Leishmania
To clone the clathrin heavy chain (CHC) from L. donovani, the
clathrin heavy chain sequence was identiﬁed from L. major (accession
number LmjF36.1630) genome sequence. Appropriate forward (5′-GC
CAATTGTATGGACTCTCCTTCGATTTCTACG-3′) and reverse (5′-ATCAAT
TGCTA GAAAGGCCGGCCAGA-3′) primers were designed based on
L.majorCHC sequence to amplify the putative full length clathrin coding
sequence by RT-PCR using L. donovani cDNA. Brieﬂy, total RNAwas iso-
lated from Leishmania promastigotes using Trizol reagent (Invitrogen)
and was used for cDNA synthesis using thermoscript Reverse Transcrip-
tase (Invitrogen) according tomanufacturer's instructions. Subsequently,
PCR was performed using the above primers and Platinum HiFidelity
Taq polymerase (Invitrogen) in a Perkin-Elmer thermocycler for 30 cy-
cles (denaturation at 94 °C for 30 s; annealing at 65 °C for 30 s; and ex-
tension at 68 °C for 5.5 min). The ampliﬁed product was cloned into
pGEMT-Easy vector (Promega), sequenced and determined the homol-
ogy of the recombinant Ld-CHC with reported clathrin heavy chain
sequences from the data base. Finally, the full length Ld-CHC was
sub-cloned into pXG-GFP+2 vector [26] at MunI restriction enzyme
site for expression of Ld-CHC as N-terminus GFP tagged fusion protein
in L. donovani.2.4. Generation of antibodies against Ld-CHC
Speciﬁc antibody against Ld-CHC was raised against the C-terminal
hub fragment spanning from 1261 to 1680 amino acids of Ld-CHC cod-
ing region of Leishmania. First, C-terminal hub fragment was ampliﬁed
from L. donovani cDNA by RT-PCR using appropriate forward (5′-GCGA
ATTCGTATGAAGAAGGC CAAGTCGATCCACGCG-3′) and reverse (5′-GC
GCGGCCGCCTAGAAAGGCCGGCCAGATCCG-3′) primers. Finally, the PCR
product was cloned into EcoRI/NotI sites of pGEX-4T-2 vector and
transformed into Escherichia coli (BL21 strain). Cells were induced
with 0.5 mM isopropyl 1-thio-β-D-galactopyrannoside for 3 h at 37 °C,
and Ld-CHC as GST fusion protein was afﬁnity puriﬁed as the manu-
facturer's instruction (Amersham Biosciences). After ensuring purity of
Ld-CHC hub fragment by SDS-PAGE, mice were immunized with this
protein to raise antibody using the procedure described previously [6].
Speciﬁcity of the antibody against Ld-CHC was determined by Western
blot analysis using Leishmania cell lysate.
2.5. Overexpression of Ld-CHC in Leishmania promastigotes
To overexpress Ld-CHC or its dominant negative mutant (hub
fragment of Ld-CHC) in Leishmania as GFP fusion protein, Leishmania
promastigotes were transfected with pXG-GFP+2 containing appro-
priate Ld-CHC construct using standard protocol [27]. Brieﬂy,
Leishmania cells were grown to the late log phase and were
resuspended at a density of 2×108/ml in Cytomix buffer (120 mM
KCl; 0.15 mM CaCl2; 10 mM K2HPO4; 25 mM HEPES; 2 mM EDTA
and 5 mM MgCl2, pH 7.6). Cells (0.5 ml) were transferred to a
pre-cooled electroporation cuvette along with chilled DNA construct
(40 μg), and electroporation was carried out at 25 μF capacitance
and 1500 V using a GenePulser (Bio-Rad). Cells were then incubated
on ice for 10 min and transferred into drug free M199 medium for
24 h at 23 °C. Subsequently, stable clones were selected in the pres-
ence of G418 antibiotic (50 μg/ml). Overexpression of the respective
protein was conﬁrmed by Western blotting using antibody against
GFP as well as by confocal microscopy.
2.6. Localization of clathrin heavy chain in Leishmania promastigotes
To determine the localization of endogenous clathrin in Leishmania,
cells were harvested from liquid culture, washed, and ﬁxed with 4%
paraformaldehyde. Subsequently, cells were permeabilized with 0.4%
saponin for 20 min and blocked with 2% BSA in PBS for 30 min. Finally,
cells were probedwith anti-Ld-CHC antibody (1:200) in PBS containing
0.1% saponin and 2% BSA for 1 h at 23 °C. Cells were washed thricewith
PBS and incubated with Alexa Fluor 488-labeled goat anti-mouse sec-
ondary antibody in the same buffer for 1 h at 23 °C. Cells were washed
and viewed in an LSM 510 Meta confocal microscope using oil immer-
sion objective. Similarly, Leishmania overexpressing GFP-Ld-CHC was
also observed under a confocal microscope to ascertain the localization
of clathrin as a GFP fusion protein.
2.7. Intracellular trafﬁcking of hemoglobin in Leishmania
To determine the kinetics of intracellular trafﬁcking of Hb in GFP-
Ld-CHC overexpressed Leishmania, Hb was labeled with Alexa Fluor
594 (Alexa-Hb) as described previously [7]. Cells (1×107 cells/ml) ex-
pressing GFP-Ld-CHC were harvested, washed twice with ice-cold
vPBS (136.9 mM NaCl, 3 mM KCl, 16 mM Na2HPO4, 3 mM KH2PO4,
45.9 mM sucrose and 10 mM glucose, pH 7.5) and incubated in vPBS
containing Alexa-Hb (120 μg/ml) for 1 h at 4 °C to allow the cell surface
binding. Cellswerewashed to remove unboundAlexa-Hb and incubated
for indicated periods of time at 23 °C in the same buffer. At respective
times, cells were transferred onto ice and washed twice with chilled
vPBS. Finally, cells were ﬁxed with 2% paraformaldehyde on ice for
20 min, washed with vPBS and visualized under confocal microscope
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Leishmania overexpressing dominant negative mutant of clathrin heavy
chain (GFP-Ld-CHC-Hub) or cells treated with chlorpromazine (1 μM)
for 30 min at 23 °C.
2.8. Endocytosis of FM4-64 and dextran by Leishmania
To determine the role of clathrin in bulk endocytosis in Leishmania,
we compared the trafﬁcking of FM4-64 in GFP-Ld-CHC and GFP-Ld-
CHC-Hub overexpressed cells using previously described procedure
[28]. Brieﬂy, cells (2×107/ml) were incubated in culture medium with
10% FCS containing 2 μg/ml FM4-64FX for 15 min at 23 °C. Cells were
washed four times with cold PBS and further incubated in PBS for
60 min at 23 °C.
Similarly, role of clathrin in ﬂuid phase endocytosis in Leishmania
was determined using dextran-Texas Red (10,000 Da). Brieﬂy, respec-
tive cells (2×107/ml) were incubated in PBS containing dextran-
Texas Red (1 mg/ml) for 15 min at 23 °C. Cells were washed four
times with cold PBS and further incubated in PBS for 60 min at 23 °C.
Finally, cells were ﬁxed and visualized under confocal microscope as
described previously.
2.9. Uptake and degradation of 125I-Hb in Leishmania
To determine the role of clathrin in Hb endocytosis in Leishmania,
uptake and degradation of 125I-Hb was measured in GFP-Ld-CHC
overexpressed Leishmania along with untransfected control cells [4].
Brieﬂy, indicated numbers of cells were incubated with 6 μg of 125I-Hb
in 1 ml of RPMI 1640 medium containing 1 mg/ml BSA for different
periods of times at 23 °C. At respective times, cells were washed to re-
move the unbound radioactivity and pellet was used to determine the
cell-associated radioactivity. Trichloroacetic acid-soluble non-iodide ra-
dioactivity present in the respectivemediumwasmeasured as degrada-
tion. Binding was determined by incubating the cells in the presence of
6 μg/ml of 125I-Hb at 4 °C for 2 h using similar procedure. Results were
expressed as ng Hb per mg of cell protein.
2.10. Determination of the growth of Leishmania
To determine the effect of chlorpromazine on the growth of
Leishmania, cells were treated with indicated concentrations of chlor-
promazine and incubated for 24 h in the presence of [3H]-thymidine
[7]. Brieﬂy, promastigotes from overnight grown culture were
harvested, washed and resuspended in M199 medium containing 10%
FCS. Cells (106 cells in 200 μl) were allowed to grow in the presence
or absence of indicated concentrations of chlorpromazine along with
[3H]-thymidine (0.6 μCi/well) for 24 h at 23 °C. Subsequently, cells
were washed and harvested on ﬁlter papers using a multi-well cell har-
vester (Wallac, Finland). Finally, the growth of the treated and
untreated parasites was measured by determining the radioactivity in-
corporated by respective cells using a beta plate liquid scintillation
counter. Results are expressed as a percentage of growth of Leishmania.
Similarly, growth of dominant negative mutant of clathrin (GFP-
Ld-CHC-Hub) overexpressed Leishmania was compared with that of
control cells. It is pertinent to mention that cells overexpressing
GFP-Ld-CHC-Hub failed to grow in M199 medium containing 10% FCS
and cells were rescued by supplementing the medium with hemin
(Medium 199 containing 10 μg/ml of hemin supplemented with 10%
FCS). Therefore, growth of Leishmania overexpressing dominant nega-
tive mutant of clathrin heavy chain (hub fragment) was compared
with that of control cells in modiﬁed medium.
2.11. Electron microscopy
To determine the effect of overexpression of GFP-Ld-CHC and its
dominant negative mutant on the morphology of ﬂagellar pocket inLeishmania, cells (5×106) overexpressing respective protein were
harvested from freshly grown culture, washed thrice with cold PBS
and ﬁxed in modiﬁed Karnovsky's ﬁxative, pH 7.3. Fixed cells were
washed twice with cacodylate buffer and treated with 1% OsO4 in
cacodylate buffer for 2 h at 4 °C. Subsequently, the cells were rinsed
and dehydrated in acetone and embedded in epoxy resin. Ultra-thin
sections were double stained with uranyl acetate and lead citrate
and examined on a Philips CM10 transmission electron microscope.
To determine the morphology of Leishmania overexpressing GFP-
Ld-CHC and its dominant negative mutant, cells were washed with
PBS and immobilized on poly-L-Lysine coated coverslips before ﬁxation
in modiﬁed Karnovsky's ﬁxative. Subsequently, cells were dehydrated
through graded series of alcohol; transferred to tertiary-butyl alcohol,
freeze dried and observed in a Carl Zeiss EVO 40 scanning electron
microscope.
3. Results
3.1. Cloning and expression of clathrin heavy chain homologue from
Leishmania
To understand the role of clathrin in Hb endocytosis in Leishmania,
we need to clone the clathrin heavy chain homologue from L. donovani.
To clone clathrin heavy chain from L. donovani, a BLAST search was
performed using Trypanosoma brucei sequence as a query, which iden-
tiﬁed a putative clathrin heavy chain-like sequence from L. major ge-
nome showing 62% homology to T. brucei sequence. Using appropriate
forward and reverse primers, we ampliﬁed a fragment (5082 bp)
from L. donovani cDNA by PCR (Fig. 1A). The PCR product was cloned,
sequenced and hypothetically translated into 1693 amino acid se-
quence. Comparison of Ld-CHC sequence by CLUSTAL W multiple se-
quence alignment demonstrated that the cloned protein has about
95% similarity with L. major, 61% with T. brucei, and 37% with mamma-
lian clathrin heavy chain sequences.
The sequence analysis of the Ld-CHC revealed that the cloned protein
has highly conserved clathrin heavy chain repeat (CHCR)motifs [16] and
is subdivided into proximal, distal and terminal clathrin heavy chain do-
mains (Fig. 1B). C-terminal end of the Ld-CHC showed high homology
with proximal domain of the clathrin heavy chain and the trimerization
region was found between residues 1567 and 1631. Clathrin hub frag-
ment which acts as a dominant negative mutant of clathrin was found
between residues 1261 and 1680. Clathrin light chain binding site
and trimerization domain of Ld-CHC also showed high homology
with Lm-CHC, Tb-CHC and Hs-CHC sequences. Binding of Hs-CHC with
clathrin light chain was shown to be mediated through the leucine (L)
residues present at 1554, 1570 and 1576 positions in the trimerization
domainwhichwere found to be conserved in Ld-CHC. Similarly, cysteine
(C1573), phenylalanine (F1566) and glutamate (E1584) residues in
Hs-CHC were shown to be critical for trimerization [29,30]. The results
presented in the Fig. 1C showed that these residues are also present
in Ld-CHC. N-terminal of Ld-CHC showed high homology with globular
terminal domain of Hs-clathrin followed by ﬂexible linker region.
β-Arrestin binding site was found to be present between residues 51
and 101 in the terminal domain of Ld-CHC and showed 89% and 72%
similarities with Tb-CHC and Hs-CHC sequences, respectively. Critical
residues like Q89, F91 and K100 involved in the β-arrestin binding site
of Hs-CHC were also found to be conserved in Leishmania clathrin
heavy chain (Fig. 1D). Thus, sequence analysis revealed that the cloned
protein is clathrin heavy chain homologue, from Leishmania. Additionally,
a unique insertion sequence of 10 residues (MAQKQDTDLN) was ob-
served in the knee region of the distal domain of Ld-CHC like Tb-CHC [31].
3.2. Intracellular localization of clathrin heavy chain in Leishmania
To determine the intracellular localization of Ld-CHC, speciﬁc anti-
body against Ld-CHC was raised using hub fragment of Leishmania
5kb
3kb
1kb
1        2 
C
D
Ld-CHC 51 LVIVDLEK-RESIRNNVKDAESCIMNPKSKTLALRSGRNLQVFDVDASRRPK 101
Lm-CHC 51 LVIVDLEK-RESIRNNVKDAESCIMNPKSKILALRSGRNLQVFDVDASRRLK 101
Tb-CHC 51 LVIVDLGK-RESMRNSIRDAESAIMNPMAKILALRSGRNLQIFDVDAANRLK 101
Hs-CHC 50 VVIIDMNDPSNPIRRPIS-ADSAIMNPASKVIALKAGKTLQIFNIEMKSKMK 100
:**:*: .  :.:*. :  *:*.**** :* :**::*:.**:*::: : *
A
B
Fig. 1. Cloning and expression of clathrinheavy chain from Leishmania. A. A 5082 bp fragment (lane 2)was ampliﬁed from L. donovani cDNAbyPCR using appropriate forward and reverse
primers as described in Materials and methods. Lane 1 represents 1 kb DNA ladder. The sequence of Ld-CHC is submitted to GenBank database under accession no. JQ400149. B. Hypo-
thetical translation of the obtained sequence into protein revealed that Ld-CHC shows signiﬁcant similarity with different structural domains of human (accession no. Q00610) and
Trypanosoma (accession no. AJ278858) clathrin heavy chains. The relative locations of terminal domain, distal domain, proximal domain, trimerization region, light chain binding region,
clathrin hub fragment andβ-arrestin binding site in Ld-CHC are indicated. Percentage similarity/identity of different domains of Ld-CHCwith L. major (Lm), T. brucei (Tb) and human (Hs)
are shown below each domain. C. Sequence alignment of clathrin trimerization domain of Ld-CHC with Lm-CHC, Tb-CHC and Hs-CHC. Arrows indicate amino acid residues preferentially
implicated in light chain binding and arrow heads indicate amino acid residues involved in trimerization and light chain binding. D. Sequence homology of β-arrestin binding sites
(51–101) of Ld-CHC with Lm-CHC, Tb-CHC and Hs-CHC. Critical residues involved in the β-arrestin binding are indicated in bold.
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showed that antibody against Ld-CHC speciﬁcally recognized a
~190 kDa protein from Leishmania lysate (Fig. 2A). This antibody
was used to detect the localization of endogenous clathrin in Leishmania
promastigotes. The results presented in Fig. 2B (upper panel) showed
that endogenous clathrin is localized near kinetoplast in the anterior re-
gion of the cells, very close to the base of ﬂagella. Hemoglobin receptor
in Leishmania was shown to be localized in the ﬂagellar pocket [4],
therefore, binding of Alexa-Hb at 4 °C was used to label the ﬂagellarpocket. Signiﬁcant colocalization was observed between bound Hb
and endogenous clathrin indicating that Ld-CHC is localized in the ﬂa-
gellar pocket of Leishmania promastigotes (Fig. 2B, lower panel).
3.3. Role of clathrin in intracellular trafﬁcking of Hb in Leishmania
To determine the role of Ld-CHC in Hb trafﬁcking in Leishmania,
Ld-CHC was overexpressed as GFP fusion protein in Leishmania using
pXG-GFP+2 vector and stable clones were selected in the presence of
A
220kDa
97kDa
66kDa
45kDa
B
Fig. 2. Localization of Ld-CHC in Leishmania. A. Speciﬁc antibody against Ld-CHC was raised as described in Materials and methods. Western blot analysis showed that antibodies
against Ld-CHC speciﬁcally recognized a ~190 kDa protein from Leishmania lysate (80 μg). Results of Western blots are representative of three independent preparations. B. To de-
termine the localization of endogenous clathrin in Leishmania, cells were ﬁxed and permeabilized with saponin as described in Materials and methods. Ld-CHC was labeled with
anti-Ld-CHC antibody and visualized using Alexa Fluor 488-labeled goat anti-mouse secondary antibody. Green shows the localization of Ld-CHC. In the upper panel, nucleus
(Nu) and kinetoplast (K) of Leishmaniawere labeled with propidium iodide and appear in red. In the lower panel, cells were incubated with Alexa-Hb at 4 °C for 1 h to label ﬂagellar
pocket of Leishmania and subsequently endogenous CHC were labeled with anti-Ld-CHC antibody as described previously. Cells were analyzed by confocal microscopy and the
images represent an x/y plane after Z-stack analysis where Hb appears in red, green shows Ld-CHC and yellow indicates the colocalization of Hb with Ld-CHC. Results are repre-
sentative of three independent preparations.
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Leishmania revealed that like endogenous protein, GFP-Ld-CHC is
also predominantly colocalized with bound Hb (Fig. 3A). In addition,
our results also showed that GFP-Ld-CHC partially colocalizes with
LPG2, a Golgi marker in Leishmania (Supplementary Fig. 1). The
overexpression of GFP-Ld-CHC in Leishmania was also conﬁrmed by
Western blot analysis of the cell lysates using anti-GFP antibody
(Fig. 3B).
Subsequently, we analyzed the trafﬁcking of Alexa-Hb in GFP-
Ld-CHC overexpressing Leishmania by confocal microscopy. The re-
sults presented in Fig. 3C (upper panel) showed that 5 min after in-
ternalization, Hb is predominantly colocalized with GFP-Ld-CHC and
remains partially associated with GFP-Ld-CHC labeled structure till
15 min (middle panel) of Hb internalization in the parasites. Interest-
ingly, Hb was found to be dissociating from GFP-Ld-CHC after about
30 min of internalization and complete dissociation was observed
after 45 min (lower panel) of internalization of Hb into Leishmania.
We alsomeasured the kinetics of uptake and degradation of 125I-Hb
at 23 °C in GFP-Ld-CHC overexpressed cells. Our results demonstrated
that clathrin overexpression stimulated about 2.5 folds higher uptakeof Hb in the cells overexpressing GFP-Ld-CHC in comparison to the con-
trol cells. Similarly, degradation of internalized Hb in GFP-Ld-CHC
overexpressing cells was also found to be about 4 folds higher than con-
trol cells (Fig. 3D). These results demonstrated that overexpression of
clathrin triggers the overall endocytosis of Hb in Leishmania.
3.4. Overexpression of dominant negative mutant of Ld-CHC alters the
morphology of the ﬂagellar pocket of Leishmania
As endocytosis in Leishmania is mediated through ﬂagellar pocket,
we overexpressed the dominant negative mutant of Ld-CHC (GFP-
Ld-CHC-Hub) in Leishmania using pXG-GFP+2 vector and compared
the morphology of ﬂagellar pocket of Leishmania overexpressing GFP-
Ld-CHC-Hub with control cells. Overexpression of GFP-Ld-CHC-Hub
was found to be lethal to parasites.We assumed that this growth defect
could be due to the unavailability of heme from Hb degradation; there-
fore, we supplemented the growth medium with hemin. Addition of
hemin in the growth medium allowed the growth of GFP-Ld-CHC-Hub
expressed cells at slower rate. Finally, stable clones were selected in
the presence of G418 antibiotic in the modiﬁed medium. In contrast
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CHC-Hub was found to be dispersed throughout cytosol in Leishmania
(Fig. 4A). As endocytosis in Leishmania is mediated through ﬂagellar
pocket, we labeled the ﬂagellar pocket of GFP-Ld-CHC or its mutant
expressing cells by incubating respective cells in the presence of
ﬂuorophore N-(3-triethylammoniumpropyl)-4-{6-[4-(diethylamino)
phenyl]-hexatrienyl}pyridinium dibromide (FM4-64) at 4 °C for 5 min.
Our results showed that ﬂagellar pocket in GFP-Ld-CHC-Hub expressed
Leishmania is signiﬁcantly enlarged in comparison to control and
GFP-Ld-CHC overexpressed parasites (Fig. 4A). Enlargement of ﬂagellarFig. 3. Role of clathrin in intracellular trafﬁcking of Hb in Leishmania. A. To determine the r
protein as described in Materials and methods. Confocal images in the upper panel represen
and kinetoplast (K) of Leishmania were labeled with Hoechst (blue). Confocal image in low
which appears in yellow. Results are representative of three independent preparations. B.
transfected with pXG-GFP+2 or pXG-GFP+2 containing Ld-CHC construct were lysed and r
Results are representative of three independent preparations. C. To determine the kinetics
Alexa-Hb at 4 °C and subsequently chased for indicated times at 23 °C as described in M
under confocal microscope. Images represent an x/y plane after Z-stack analysis where H
Hb with GFP-Ld-CHC. Results are representative of three independent preparations. D.
GFP-Ld-CHC overexpressed Leishmania along with untransfected control cells (2×107
cell-associated radioactivity (left panel) and trichloroacetic acid-soluble non-iodide radio
expressed as ng of Hb per mg of cell protein from three independent determinations±SD.pocket in GFP-Ld-CHC-Hub expressed Leishmaniawas further conﬁrmed
by electronmicroscopy (Fig. 4B). Flagellar pocket appeared to be a small
ﬂask shaped structure (0.4±0.2 μm) in control and GFP-Ld-CHC over-
expressed cells whereas pocket was found to be about 3 folds enlarged
in GFP-Ld-CHC-Hub overexpressed cells (1.2±0.3 μm). We also found
that GFP-Ld-CHC-Hub overexpressed cells are signiﬁcantly smaller in
size than control or GFP-Ld-CHC overexpressed cells (Fig. 4C). Further
quantitation revealed that average length of control and GFP-Ld-CHC
overexpressed cells are 9.1±1.1 μm and 9.4±1.2 μm, respectively
and more than 90% cells in these two groups are larger than 9 μm.ole of Ld-CHC in Hb trafﬁcking in Leishmania, Ld-CHC was overexpressed as GFP fusion
t an x/y plane after Z-stack analysis where green shows GFP-Ld-CHC and nucleus (Nu)
er panel shows the colocalization of GFP-Ld-CHC with bound Alexa-Hb at 4 °C (red)
To determine the overexpression of Ld-CHC as GFP fusion protein in Leishmania, cells
espective proteins were determined by western blot analysis using anti-GFP antibody.
of Hb trafﬁcking in GFP-Ld-CHC overexpressed Leishmania, cells were allowed to bind
aterials and methods. Finally, cells were ﬁxed with paraformaldehyde and visualized
b appears in red, green shows GFP-Ld-CHC and yellow indicates the colocalization of
Uptake (left panel) and degradation (right panel) of 6 μg/ml of 125I-Hb at 23 °C in
) were determined as described in Materials and methods. At respective times,
active product released in the medium (right panel) were determined. Results are
Fig. 3 (continued).
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relatively smaller (6.7±0.9 μm) and more than 85% cells in this group
were below 7 μm.
3.5. Role of Ld-CHC in various modes of endocytosis in Leishmania
To unequivocally prove the role of Ld-CHC in hemoglobin trafﬁcking
in Leishmania, we compared the internalization of Alexa-Hb betweenGFP-Ld-CHC and GFP-Ld-CHC-Hub overexpressing Leishmania by
confocal microscopy. Accordingly, respective cells were incubated in
the presence of Alexa-Hb for 45 min at 23 °C, washed and viewed in
confocal microscope. The results presented in the Fig. 5A showed that
Hb is present both in ﬂagellar pocket as well as in the late endosomal/
lysosomal compartment in control and GFP-Ld-CHC overexpressed
Leishmania. In contrast, most of the Hb was retained in the ﬂagellar
pocket even after 45 min of uptake in GFP-Ld-CHC-Hub overexpressing
AB
C
Fig. 4. Overexpression of dominant negative mutant of Ld-CHC alters the morphology of ﬂagellar pocket in Leishmania. A. Determination of the morphology of ﬂagellar pocket in
GFP-Ld-CHC-Hub overexpressed Leishmania. Flagellar pockets of GFP-Ld-CHC-Hub, GFP-Ld-CHC and control cells were labeled with FM4-64 as described in Materials and methods.
Confocal images represent an x/y plane after Z-stack analysis where green shows GFP-Ld-CHC and red indicates the ﬂagellar pocket of the cells stained with FM4-64. Arrows indi-
cate size of ﬂagellar pocket in respective cells. Results are representative of three independent preparations. B. Transmission electron micrographs showing the morphology of the
ﬂagellar pocket in GFP-Ld-CHC and its mutant overexpressed cells. Bars, 0.5 μm. C. Scanning electron micrographs showing shape and size of GFP-Ld-CHC and its mutant
overexpressed Leishmania. Bars, 2 μm.
1072 S. Agarwal et al. / Biochimica et Biophysica Acta 1833 (2013) 1065–1077cells indicating that dominant negative mutant of Ld-CHC blocks Hb
internalization. Whereas, trafﬁcking of FM4-64 (Fig. 5B) and dextran-
Texas Red (Fig. 5C)were not altered inGFP-Ld-CHC-Hub cells compared
to GFP-Ld-CHC and vector transfected cells demonstrating that bulk
endocytosis of FM4-64 and ﬂuid phase endocytosis of dextran-Texas
Red are clathrin independent process in Leishmania. Our previous
studies showed that Leishmania acquires heme through the degradation
of endocytosed Hb and this endocytic process is required for their
growth and survival of the parasite [7]. Therefore, we compared
the growth of GFP-Ld-CHC and GFP-Ld-CHC-Hub overexpressing cellsin modiﬁed medium containing hemin (10 μg/ml). Our results demon-
strated that GFP-Ld-CHC-Hub expressed cells show signiﬁcant growth
defect even in the continuous presence of hemin in the growthmedium
in comparison to respective control cells (Fig. 5D). To determine
the requirement of hemin in the growth medium in rescue of severe
growth defect observed in GFP-Ld-CHC-Hub expressed cells, cells
were grown in the presence or absence of hemin for 12 h at 23 °C.
Our results demonstrated that growth of GFP-Ld-CHC-Hub cells was
signiﬁcantly compromised in the absence of hemin in the medium
(Fig. 5D inset).
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Fig. 5. Overexpression of dominant negative mutant of Ld-CHC speciﬁcally inhibits Hb internalization in Leishmania. A. To determine the role of clathrin heavy chain in Hb endocytosis in
Leishmania, GFP-Ld-CHC and its mutant overexpressed Leishmaniawere incubated with Alexa-Hb at 23 °C for 45 min. Finally, cells were washed, ﬁxed with paraformaldehyde and visu-
alized under confocal microscope. Images represent an x/y plane after Z-stack analysis where Hb appears in red, green shows GFP-Ld-CHC and yellow indicates the colocalization of Hb
with GFP-Ld-CHC. Results are representative of three independent preparations. B. Uptake of FM4-64 in GFP-Ld-CHC and its mutant overexpressed Leishmaniawere determined as de-
scribed inMaterials andmethods. Finally, cells werewashed, ﬁxedwith paraformaldehyde and visualized under confocalmicroscope. Images represent an x/y plane after Z-stack analysis
where FM4-64 appears in red, green showsGFP-Ld-CHC and yellow indicates the colocalization of FM4-64withGFP-Ld-CHC. Results are representative of three independent preparations.
C. Fluid phase endocytosis of dextran-Texas Red in GFP-Ld-CHC and GFP-Ld-CHC-Hub overexpressed Leishmaniawere determined as described in Materials and methods. Finally, cells
were washed, ﬁxed with paraformaldehyde and visualized under confocal microscope. Images represent an x/y plane after Z-stack analysis where dextran appears in red, green
shows GFP-Ld-CHC and yellow indicates the colocalization of dextran with GFP-Ld-CHC. Results are representative of three independent preparations. D. Comparison of growth of
GFP-Ld-CHC and its mutant overexpressed Leishmania were determined by [3H]-thymidine incorporation as described in Materials and methods. Cells were grown in medium 199
supplemented with hemin in the presence of [3H]-thymidine for indicated periods of times, washed and radioactivity incorporated by respective cells was measured. Inset shows the
[3H]-thymidine incorporation in GFP-Ld-CHC-Hub overexpressed Leishmania in the absence or presence of hemin after 12 h incubation at 23 °C. Results are expressed as radioactivity
incorporated by respective cells from three independent experiments±SD.
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In order to further elucidate the role of clathrin in Hb endocytosis
in Leishmania, cells were treated with 1 μM chlorpromazine (CPZ), anamphiphilic cationic drug known to disrupt clathrin mediated endocy-
tosis [32]. The results presented in the Fig. 6A (upper panel) showed
that pretreatment of Leishmania promastigotes by 1 μM of CPZ for
15 min at 23 °C resulted in the complete dissociation of clathrin at the
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Fig. 6. Depolymerization of clathrin by chlorpromazine inhibits internalization of hemoglobin in Leishmania. A. To elucidate the role of endogenous clathrin in Hb endocytosis in
Leishmania, cells were treated with 1 μM chlorpromazine (CPZ) and clathrin was visualized with anti-Ld-CHC antibody (upper panel) as described in Materials and methods. Nu-
cleus (Nu) and kinetoplast (K) of Leishmania were labeled with propidium iodide (red) and green shows Ld-CHC. Lower panel shows the binding of Alexa-Hb (red) in chlorprom-
azine (CPZ) treated and untreated cells. Cells were analyzed by confocal microscopy and the images represent an x/y plane after Z-stack analysis. Results are representative of three
independent preparations. B. To compare the kinetics of Hb trafﬁcking in chlorpromazine treated and untreated Leishmania, respective cells were allowed to bind Alexa-Hb at 4 °C
and subsequently chased for indicated times at 23 °C as described in Materials and methods. Finally, cells were ﬁxed with paraformaldehyde and visualized under confocal micro-
scope. Images represent an x/y plane after Z-stack analysis where Hb appears in red, green shows Ld-CHC. Results are representative of three independent preparations. C. Uptake of
6 μg/ml of 125I-Hb at 23 °C in chlorpromazine treated and untreated Leishmania (5×107) were determined as described in Materials and methods. At respective times, cells were
washed and cell-associated radioactivity was determined as uptake in chlorpromazine treated and untreated Leishmania. Inset shows the binding of 125I-Hb at 4 °C in chlorprom-
azine treated and untreated cells. Results are expressed as ng of Hb per mg of cell protein from three independent determinations±SD.
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treated cells. Interestingly, our results demonstrated that both CPZ
treated and untreated cells bind Hb when cells were incubated with
Alexa-594 conjugated Hb for 1 h at 4 °C (Fig. 6A lower panel). In con-
trast, pretreatment of RAW 264.7 macrophages by 1 μM of CPZ for
15 min at 37 °C did not show any effect on clathrin assembly (Supple-
mentary Fig. 2).
Subsequently, attempts were made to determine the internalization
of bound Hb in CPZ treated cells. Therefore, CPZ treated or untreated
cells were allowed to bind Alexa-594 conjugated Hb at 4 °C for 1 h,thenwashed and chased for indicatedperiod of times at 23 °C. The results
presented in Fig. 6B showed that bound Hb is internalized into early
endosomal compartment by 10 min and subsequently targeted to the
perinuclear late/lysosomal compartment in untreated control cells as
observed previously [7]. In contrast, most of the bound Hb was retained
near the ﬂagellar pocket even after 30 min of incubation at 23 °C in CPZ
treated cells indicating that Hb internalization in Leishmania is mediated
through CPZ-sensitive pathways. These results were further supported
by the fact that uptake of 125I-Hb at 23 °C in CPZ treated cells is signiﬁ-
cantly inhibited in comparison to untreated control cells (Fig. 6C).
Fig. 7. Effect of chlorpromazine on the growth of Leishmania. Growth of chlorpromazine
treated Leishmania were determined by [3H]-thymidine incorporation as described in
Materials andmethods. Cellswere harvested after 24 h of drug treatment and radioactivity
incorporated by respective cells was measured. Inset shows the rescue of CPZ-mediated
(8 μM) growth inhibition of Leishmania by 10 μg/ml of hemin. Radioactivity incorporated
by the untreated cells is chosen as 100% and results are expressed as a percentage of radio-
activity incorporated by the treated cells in comparison to untreated cells from three inde-
pendent experiments±SD.
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CPZwas found to inhibit the Hb uptake in Leishmania, therefore, it is
tempting to speculate that CPZ might inhibit the growth of the parasite
if heme generated from Hb degradation is essential for the parasites.
To compare the growth of CPZ treated and untreated cells, cells were in-
cubated in medium 199 supplemented with 10% FCS containing [3H]-
thymidine in the absence or presence of indicated concentration CPZ
for 24 h and the amount of radioactivity incorporated by cells wasmea-
sured to determine the cell proliferation. The results presented in Fig. 7
showed that CPZ inhibits the proliferation of Leishmania in a concentra-
tion dependent way and about 50% inhibition of the growth of the par-
asite is observed at 8 μM of CPZ whereas 15 μM of CPZ inhibits about
80% parasite growth. Interestingly, leishmanicidal effect of CPZ (8 μM)
is signiﬁcantly reversed by the addition of hemin (10 μg/ml) in the me-
dium (Fig. 7 inset). However, only 30% of the inhibition of proliferation
of RAW264.7macrophageswas observed at 15 μMof CPZ under similar
conditions (Supplementary Fig. 3).
4. Discussion
In the present investigation, we have cloned and expressed clathrin
heavy chain homologue from L. donovani to determine the role of clathrin
in Hb endocytosis in the parasite. Using appropriate forward and reverse
primers, we ampliﬁed a 5082 bp fragment from L. donovani cDNAby PCR
which codes for ~190 kDa protein. Sequence comparison of the cloned
protein along with clathrin heavy chain sequences reported from differ-
ent organisms reveals that Ld-CHC contains highly conserved clathrin
heavy chain repeat (CHCR) motifs, trimerization domain, clathrin light
chain and β-arrestin binding sites. The high degree of homology of
Ld-CHCwith human clathrin demonstrates that cloned protein is clathrin
heavy chain homologue from Leishmania. Moreover, Ld-CHC also con-
tains an insertion of 10 amino acid residues (MAQKQDTDLN) in the
knee of the distal domain of Ld-CHC, which are also present in the
clathrin sequence of T. brucei [31]. However, functional relevance of
this insertion sequence in clathrin-mediated endocytosis in this group
of parasite needs to be evaluated.Several ultrastructural and biochemical evidences have indicated
the presence of clathrin like molecule in trypanosomatid parasites.
Though, receptor-mediated endocytic process is known in Leishmania
[33–35], however, the role of clathrin in endocytosis in Leishmania is
not well elucidated. Nevertheless, RNA interference (RNAi) mediated
depletion of clathrin in Trypanosomawas shown to be lethal indicating
essential role of clathrin in trypanosomatid parasites [22].We have pre-
viously shown that Leishmania endocytosed hemoglobin through a spe-
ciﬁc receptor located in theﬂagellar pocket [4,5] and bound hemoglobin
is rapidly internalized into discrete Rab5 positive early endosomal com-
partment and subsequently targeted to the lysosomal compartment in a
Rab7 dependent way [6,7]. These results indicate that several compo-
nents of endocytic and intracellular trafﬁcking machinery are well
preserved in Leishmania, thereby; this parasite provides a unique op-
portunity to determine the intricacies of membrane trafﬁcking and
sorting phenomena in a whole organism. With clathrin heavy chain
being an ~190 kDa protein, most of the studies have used either trun-
cated protein, immunostainingwith clathrin speciﬁc antibody or deple-
tion of clathrin using RNA interference (RNAi) to determine the role of
clathrin in endocytosis [10,11,22,36,37]. As cellular machinery for RNA
interference is not conserved in L. donovani [38], therefore, we have
overexpressed Ld-CHC or its dominant negative mutant as GFP fusion
protein to determine the role of Ld-CHC in hemoglobin endocytosis in
this parasite.
Leishmania promastigotes are highly polarized cells and have a
ﬂask-shaped invagination of the plasmamembrane in the apical region
of the cells from where ﬂagellum originates known as ﬂagellar pocket
[39]. Both exocytosis and endocytosis exclusively occur in Leishmania
through this specialized invagination of the plasma membrane [40].
To determine the intracellular localization of clathrin in Leishmania,
speciﬁc antibodywasmade against hub fragment of Ld-CHCwhich spe-
ciﬁcally recognized an ~190 kDa protein from Leishmania lysate. Immu-
noﬂuorescence studies using this antibody reveal that endogenous
clathrin heavy chain is localized near kinetoplast in the anterior region
of the cells where hemoglobin binds. We have also observed similar
localization of clathrin in GFP-Ld-CHC overexpressed Leishmania. Previ-
ously, we have shown that Hb binds with speciﬁc receptor localized in
the ﬂagellar pocket, therefore, our results have clearly demonstrated
that clathrin heavy chain primarily localizes in the ﬂagellar pocket of
Leishmania. We have also found that GFP-Ld-CHC partially colocalizes
with LPG2, a Golgi marker in Leishmania. These results are consistent
with the facts that clathrin-coated vesicles mediate the transport from
both plasma membranes as well as from trans-Golgi network (TGN)
depending on secretory or endocytic pathways in higher eukaryotic
cells. Based on these facts and our results, clathrin is also found to be lo-
calized both in the ﬂagellar pocket aswell as in other intracellular vesic-
ular structures in T. brucei [22] and Leishmania major [23]. However, it
is pertinent to mention that some of the intracellular organelles like
mitochondria, Golgi, endosomes, etc. are juxtaposed near ﬂagellar
pocket of Leishmania and therefore, it is hard to distinguish them with
GFP-Ld-CHC expression.
Our results have also shown that hemoglobin is predominantly
associated with GFP-Ld-CHC labeled compartment till 5 min of inter-
nalization after their initial binding with cell surface receptor in the
ﬂagellar pocket of Leishmania. Subsequently, GFP-Ld-CHC starts disso-
ciating from Hb-containing vesicles as it moves towards late compart-
ment by about 15 to 30 min. Complete absence of GFP-Ld-CHC on
Hb-containing vesicles after 45 min of internalization demonstrates
that transport of Hb to lysosomal compartment does not require
clathrin. Taken together, our results have clearly demonstrated that
clathrin assembly is required for the formation of coated pits and
coated vesicles during Hb endocytosis in Leishmania which is subse-
quently dissociated from Hb-containing vesicles to form uncoated
vesicles which presumably fuse with early endosomes [6] and ulti-
mately Hb is delivered to lysosomes [7]. In addition, we have found
that GFP-Ld-CHC overexpressed Leishmaina enhances both uptake
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cise mechanism of this enhanced endocytosis of Hb in these cells.
In order to prove unequivocally that hemoglobin endocytosis in
Leishmania is a clathrin dependent process, we have transfected the
cells with clathrin hub fragment. Previous studies have shown that
transfection of HeLa cells with clathrin hub fragment (carboxy-terminal
third of the clathrin heavy chain) speciﬁcally inhibits clathrin-
dependent receptor-mediated endocytosis of transferrin but does
not impairs clathrin-independent ﬂuid-phase uptake of dextran [20].
We have found that expression of clathrin hub fragment is lethal to
Leishmania indicating that clathrin function is essential for this parasite.
However, we could rescue GFP-Ld-CHC-Hub overexpressed Leishmania
by growing the cells in the medium supplemented with hemin. This is
consistent with our previous ﬁnding that hemin can compensate the
need of heme generated from the degradation of endocytosed Hb by
the cells [7] and subsequently, it has been shown that heme can be
taken in by Leishmania through speciﬁc transporter independent of Hb
receptor [41]. Most importantly, overexpression of dominant negative
mutant of clathrin (GFP-Ld-CHC-Hub) completely inhibits the receptor-
mediated internalization of Hb by these cells; however, internalization
of bulk phase endocytic probes like FM4-64 and dextran are not blocked
in GFP-Ld-CHC-Hub overexpressed Leishmania. These results unequivo-
cally demonstrate the role of clathrin heavy chain in Hb endocytosis in
Leishmania. Interestingly, overexpression of GFP-Ld-CHC-Hub induces
the formation signiﬁcantly larger ﬂagellar pocket in comparison to con-
trol cells. This could be possibly due to imbalance ofmembrane trafﬁc be-
tween endocytic and secretory pathways in GFP-Ld-CHC-Hub expressed
cells where endocytic pathway is repressed. In addition, GFP-Ld-CHC-
Hub expressed cells are relatively small and grow slowly even in the
continuous presence of hemin in the medium. This is consistent with
previous results that depletion of clathrin in blood stream form of
Trypanosoma brucei by RNAi induce the formation of enlarge ﬂagellar
pocket and parasites are unable to grow [22]. However, enlargement
of ﬂagellar pocket in GFP-Ld-CHC-Hub expressed Leishmania is less dra-
matic than RNAi mediated depletion of clathrin in blood stream form of
Trypanosoma brucei. This may be either due to the presence of endoge-
nous clathrin inGFP-Ld-CHC-Hub overexpressed cells thanRNAimediat-
ed depletion of clathrin in Trypanosoma or could be due to differential
endocytic activities between these two parasites. In contrast, knocking
out clathrin heavy chain in yeast and Dictyostelium do not affect the via-
bility of cells and deletion of clathrin gene in mammalian cell is well tol-
erated [42–44]. Our results demonstrate that overexpression of clathrin
dominant negative mutant in Leishmania arrests the growth of cells by
blocking Hb endocytosis and this growth defect can be signiﬁcantly
rescued by hemin. These results indicate that clathrinmediated internal-
ization of Hb is essential for the survival of Leishmania possibly by gener-
ating heme from the intracellular degradation of endocytosed Hb.
However,we are not ruling out the possible role of clathrin-mediated en-
docytosis of other nutrients in the survival Leishmania.
We have also explored the effect of pharmacological inhibitors of
clathrin-mediated endocytic pathway. Previous studies have indicated
that clathrin-mediated endocytosis is speciﬁcally blocked by chlor-
promazine (CPZ), a cationic amphiphilic molecule [32,45]. However,
how CPZ disrupts clathrin-mediated endocytosis is not clearly known.
Indirect immunoﬂuorescence studies have shown that treatment of
mammalian cells with 100 μm of CPZ trapped LDL receptor inside
cells and change the localization of clathrin and adaptor protein com-
plex 2 (AP2) from plasma membrane to intracellular compartment
[32]. However, our results have shown that CPZ treatment resulted in
redistribution of clathrin heavy chain throughout the cell body from
its usual localization in the ﬂagellar pocket in Leishmania. This result
suggests that CPZ at a low concentration speciﬁcally depolymerizes
the clathrin in Leishmania. Subsequently, we have compared the
Hb trafﬁcking in CPZ treated and untreated cells. Kinetics of the Hb traf-
ﬁcking in Leishmania reveal that Hb ﬁrst enter into early endosomal
compartment and subsequently move to perinuclear late endosomalcompartment by about 30 min of internalization in untreated control
cells. In contrast, CPZ treated Leishmania inhibits the internalization
of bound Hb and most of the Hb is trapped in the ﬂagellar pocket
even 30 min after internalization. Binding of Hbwith cell surface recep-
tor remains unaffected by CPZ treatment indicating that CPZ blocks only
internalization by dissociating clathrin possibly from the coated vesi-
cles. CPZ treatment blocks the Hb endocytosis in Leishmania that
prompted us to determine the effect of CPZ on the growth of the para-
sites. Thus, we have measured the proliferation of CPZ treated and
untreated Leishmania by [3H]-thymidine incorporation. Interestingly,
we have found that CPZ treatment for 24 h (15 μM) arrests about
80% growth of Leishmania in comparison to untreated control cells.
These results are in broad agreement with previous ﬁnding that CPZ
treatment for 18 h at 13.6 μg/ml (38 μM) kills about 90% of the
promastigotes as determined by the ﬂagellar motility in the treated
cells [46]. However, apparent discrepancies between these two results
could be due to the sensitivity of the assay systems used for determina-
tion of antileishmanial effect of CPZ. Subsequent study has shown that
CPZ at 50 μg/ml (140 μM) kills the parasites by reducing the oxygen
consumption in the cells [47]. Our results have shown that CPZ depoly-
merizes clathrin and blocks clathrin-dependent endocytosis of Hb and
therefore, parasite is unable to acquire heme from the degradation of in-
ternalized Hb required for their growth. These observation is further
strengthened by the fact that hemin can signiﬁcantly reverse the
leishmanicidal effect of CPZ. In contrast, only 30% inhibition of macro-
phage proliferation is observed at 15 μM of CPZ. This might be due
to lesser efﬁcacy of CPZ in depolymerizing macrophage clathrin in
comparison to clathrin in Leishmania. Moreover, CPZ at lower concen-
tration (12.5 μg/ml) does not alter macrophage morphology [46]. It is
pertinent to mention that macrophages are terminally differentiated
cells and dead cells are replaced from cells of monocyte-macrophage
lineage. Thus, we have identiﬁed a new mechanism of leishmanicidal
activity of CPZ which blocks clathrin-mediated endocytosis of Hb by
depolymerizing clathrin in Leishmania at low concentration. Therefore,
our results suggest that it is worth to design less toxic derivatives of
CPZ which could be explored as a new chemotherapeutic agent against
visceral leishmaniasis.5. Conclusion
This result is the ﬁrst demonstration that Hb endocytosis in
Leishmania is a clathrin-dependent process and this process is essen-
tial for parasite survival. In addition, CPZ mediated depolymerization
of clathrin suggests that how this drug inhibits clathrin mediated
endocytic pathway in general. As hemoglobin endocytosis is im-
portant for both promastigote and amastigote stages of Leishmania
[7,48], therefore, CPZ mediated inhibition of parasite growth by
blocking hemoglobin endocytosis in parasite could be useful for
development of new anti-leishmanial agent which we are currently
exploring.Acknowledgement
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